Abstract: The observed rates of ribozyme cleavage reactions are strongly dependent on the nature of the metal ion present Metal ions can thereby exhibit a stronger inhibiting or accelerating effect compared to Mg2+, which is usually considered the natural cofactor. Alkaline, alkaline earth, transition, d(10), and other metal ions are applied either to gain a spectroscopic handle on the metal center, and/or to elucidate the catalytic mechanism. Here we shortly review some of the most recent publications on the influence of different metal ions on catalysis of the hammerhead, hepatitis delta virus, and group II intron ribozymes. Comparison of the observed cleavage rates of hammerhead nbozymes with the metal ion affinities of different ligands reveals that these rates correlate perfectly with the intrinsic phosphate affinities of the metal ions involved. 
Introduction
RNA or DNA in a living cell is always associated with metal ions (M n+ ) [1] . The intrinsic negative charge of the phosphate sugar backbone needs to be compensated not only to achieve regular duplex formation but even more for complex three-dimensional architectures. Estimates show that a 200 nt long RNA needs to overcome repulsive forces of about 2'100 kJmol -1 to fold in the absence of metal ions [2] . The vast majority of M n+ are diffusely bound to RNA, i.e. via unspecific interactions that can best be described by a non-linear Poisson-Boltzman distribution [3, 4] . An estimated 10% of the negative charge are compensated by specifically bound M n+ , as has been concluded from X-ray structures of larger RNAs [5] . In RNA, a distinct network of inner-sphere , other divalent metal ions have been applied in uncountable studies to, e.g. elucidate the catalytic mechanism or to get a spectroscopic handle on the metal ion. Thio-rescue [7, 8] , related NAIM/NAIS experiments (nucleotide analogue interference mapping/suppression) [7, 9, 10] , and EPR measurements are just three examples [11] [12] [13] . Such metal ions include alkaline earth ions (Ca . Changing the metal ion usually strongly affects ribozyme activity. Classically, an inhibiting effect is expected when Mg 2+ is partly or fully replaced but also tremendous rate accelerations have been observed. These rate modifications allow to correlate activity with chemico-physical properties of the ions, e.g. ionic radius, pK a of coordinated water, or general affinities, and thus help to elucidate the mechanism [14, 15] .
Unfortunately, only rarely clear correlations are found.
In this short review we focus on some of the most recent results on the influence of different metal ions on the cleavage rates of tertiary stabilized hammerhead (HH), hepatitis delta virus (HDV), and group II intron ribozymes. We discuss and compare these data with available results from the literature on smaller nucleic acid systems or derivatives. Interestingly, a clear correlation of HH ribozyme cleavage rates and the intrinsic affinities of the respective metal ions towards phosphate groups is revealed.
Replacing Mg 2+ by monovalent ions
More than 25 years ago, a two-metal ion mechanism has been proposed for dephosphorylation reactions [16, 17] and is now often considered as one of the favored modes of action for ribozymes [18, 19] . With the discovery that small ribozymes are also active in the presence of monovalent metal ions only, e.g. alkaline ions but also NH 4 + , this dogma has been strongly opposed for some time. However, given the facts that (i) alkaline ions are also metal ions, (ii) non-physiological molar concentrations have to be applied for folding and activity, (iii) the catalytic activity in the presence , whereas a double-proton transfer might take place with Cd 2+ in the case of the RzB HH ribozyme [15] . . Taken together, this is strong indication for a direct involvement of the metal ion in optimal cleavage activity.
The change in cleavage rate follows the phosphate affinity of the applied metal ion 
Conclusions
The nature of divalent metal ions obviously is the determining factor how RNAs fold and what mechanism is employed. How this is achieved is still lying mainly in the dark -especially concerning the picture on the atomic level. The above summarized recent results on the effect of varying metal ions on ribozyme activity now trigger several considerations:
(i) There is increasing evidence that ribozymes use different mechanisms depending on the outside conditions, e.g. the kind and concentration of metal ions employed. As a consequence this means that the employment of mimics, e.g. Cd
2+
instead of Mg 2+ , might not reflect the "real" catalytic mechanism but rather a minor or very different pathway. Such concerns have increasingly been raised in the past years, e.g. for HH ribozymes [10] . The transfer of such results to the wild-type system should thus always be performed with care.
(ii) Complex RNA structures are surprisingly selective for a given metal ion, i.e. they recognize it with high specificity and selectivity. One could argue that such specific binding pockets exist just by chance or based on pure statistics. On the other hand Nature is very efficient and has had millions of years to optimize its processes. In evolutionary terms, one can imagine that there is hardly any chance that the highly effective binding of various metal ions and their considerable effects on ribozyme activity is without any purpose. This is even more so, as such effects are not restricted to only one specific ribozyme, but seem to be a more widespread phenomenon. As a consequence, a possible regulation of ribozyme activity by metal ions is an intriguing possibility , i.e. corresponding to one additional hydrogen bond of a coordinated water molecule.
Hence, together with the increased ionic radius (66 vs. 99 pm) and higher maximal coordination number (6 vs. 8), such specific binding pockets can be easily envisaged.
(iv) The observed folding heterogeneity of a group II intron ribozyme in the presence of Ca 2+ by smFRET could also be true for other ribozymes when being accelerated with different metal ions.
The small FRET differences observed with the group II intron make it impossible to see the same in bulk experiments. Consequently future smFRET studies might reveal highly interesting and unprecedented aspects of how different metal ions influence and control folding and activity of ribozymes.
(v) Evaluation of the available data in the recent literature shows that in the HH ribozyme the rate is majorily governed by the metal ion affinity to the phosphate group(s) ( Figure 4B ) following a clear trend. It will be interesting to see if this is also true for other catalytic RNAs, if not for the more complex large ones, than at least for the small ribozymes.
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